INTRODUCTION
Over several decades, the Center for Transportation Research at Argonne National Laboratory (ANL) has developed and applied a number of computer models in support of the U.S. Department of Energy's (DOE's) advanced automotive R&D program to address the energy embodied in the vehicular life cycle, which ranges from design and manufacturing through recycling. In addition, advanced batteries, fuel cells, engines, and many vehicle configurations have been developed and/or tested in DOE's facilities at ANL. This combination of analytical, developmental, and testing experience has been supported by modeling and analysis of the whole vehicle through a powerful and flexible vehicle simulation tool, the Powertrain System Analysis Toolkit (PSAT).
PSAT allows users to evaluate correctly fuel consumption and vehicle driving performance for many different vehicle configurations. ANL has been developing this forward-looking model to study transient effects and the interactions among components with accurate control commands. PSAT has been validated for several vehicle configurations and classes and is used to perform studies for the U.S.DOE and FreedomCAR Partnership.
A well-to-wheels (WTW) analysis of a vehicle/fuel system covers all stages of the fuel cycle, from energy feedstock recovery (well) to the energy use to propel the vehicle (wheels). A WTW analysis is also referred to as a fuel-cycle analysis. Since 1995, ANL has been developing the Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model as an analytical tool for estimating the WTW energy use and emissions associated with transportation fuels and advanced vehicle technologies. During this time, Argonne has applied the GREET model to analyze WTW energy and emission impacts of various transportation fuels and vehicle technologies [1] [2] [3] [4] .
PSAT and GREET were used in this study to simulate vehicles and their contribution to Greenhouse Gas emissions (GHGs). An earlier study by ANL [5] concluded that fuel cell vehicles have great potential to reduce carbon dioxide and GHGs. In that paper, conventional engine technologies were compared with advanced fuel cell systems. This paper updates initial results assessing the potential of several powertrain configurations for current technologies and provides a detailed comparison with near-future (2010) technologies, as specified by the FreedomCAR goals. assumed, in this study, to be the peak brake efficiency for the diesel engine. To simulate near-term advanced vehicles in PSAT, these goals were supplemented with other assumptions that are discussed within this paper in the section titled Vehicle Definition.
The characteristics of these main component assumptions use low and high values to bound the range of expected technology development by 2010. Other FreedomCAR goals are cost-based and were not included in this study.
PSAT VEHICLE MODELING
PSAT, developed with MATLAB/Simulink, allows us to realistically estimate the wheel torque needed to achieve a desired speed by sending commands to different components, such as throttle position for the engine, displacement for the clutch, gear number for the transmission, or mechanical braking for the wheels. In this way, we can model a driver who follows a predefined speed cycle. Moreover, as components in PSAT react to commands realistically, we can employ advanced component models, take into account transient effects (e.g., engine starting, clutch engagement/disengagement, or shifting), and develop realistic control strategies. Finally, PSAT has been validated within 5% accuracy by using testing results from several vehicles [6] [7] [8] [9] .
GREET
A WTW analysis of vehicle/fuel system covers all stages of the fuel cycle -from energy feedstock recovery (wells) to energy used for vehicle propulsion (wheels). Since 1995, with funding from DOE, ANL has been developing the GREET model as an analytical tool for use by researchers and practitioners to estimate WTW energy use and emissions associated with transportation fuels and advanced technology vehicles. Only the feedstock and fuel stages (called "well-to-pump" or "upstream") values are used from GREET in this study, although GREET also has generalized estimates of types of conventional and advanced vehicles in the model. The vehicle operation stage (called "pump-towheel" or "downstream") is evaluated by using PSAT, as shown in Figure 1 .
VEHICLE DEFINITION
The reference vehicle is based upon an SUV (Sport Utility Vehicle) platform. The vehicle's characteristics are listed in Table 1 The reference vehicle fuel economy given in Table 1 is the EPA-unadjusted value. The simulated combined fuel economy obtained with PSAT is higher than the reference value (23mpg vs. 21mpg) because the effect of cold start was not accounted for in the model.
In this study, eleven powertrain configurations have been simulated to evaluate the potential of a range of hybrid electric and fuel cell vehicle technologies. They include:
 Conventional vehicle (CONV) with gasoline engine (SI) and automatic transmission (reference).  Conventional vehicle (CONV) with diesel engine (CI) and automatic and manual transmissions.  Starter-alternator parallel hybrid (PAR ISG) with gasoline and diesel engines.  Pre-transmission parallel hybrid (PAR PRE-TX) with gasoline, diesel, and hydrogen engines (H 2 ICE).  Gaseous hydrogen fuel cell vehicle (FC) with no energy storage.  Gaseous hydrogen fuel cell hybrid (FC) with two levels of hybridization (small and large energy storage).
Series hybrid configurations have not been included in the study because the components could not be sized within reasonable power constraints to achieve sufficient acceleration.
The same configurations are used for current and nearterm vehicles. However, to take into account the uncertainties regarding near-term technologies, each component has been assigned low and high targets, as shown in Table 2 . These vehicles are defined such that they represent both slow and rapid progress in technology. The major characteristics of the study vehicles are available in the Appendix. (SOC) correction algorithm for the hybridized vehicles to ensure charge-sustaining control.  Because the goal of this paper is to focus more on the impact of drivetrain configurations rather than fuel production, we will only consider one hydrogen production pathway: North American natural gas added to the pipeline system from LNG (Liquefied Natural Gas) terminals at ports, with hydrogen reformation at the refueling station -a likely configuration for a hydrogen refueling infrastructure. 
Figure 1: WTW Simulation Process

STUDY RESULTS
In this section, we will discuss the impacts of each vehicle configuration on fuel economy, powertrain efficiency, and GHGs as a function of driving schedule.
IMPROVEMENTS BASED ON CURRENT TECHNOLOGIES
The following paragraph describes the potential fuel economy and GHG emissions due to advanced powertrain configurations that use current technologies.
Figure 2 details the fuel economies for the different vehicle configurations on the Federal Combined Cycle (comprised of the UDDS and HWFET). Note that substantial fuel economy gains can be achieved through dieselization or hybridization. Because of their low power density, fuel cell hybrids do not achieve the highest fuel economy, despite high peak efficiency. In addition, excessive hybridization of the fuel cell powertrain diminishes the gain in fuel economy because (1) the smaller battery configuration recovers most of the regenerative braking and (2) reducing the power of the fuel cell system leads to a decrease in the average efficiency of the fuel cell system. Note that the hydrogen-fueled ICE HEV has similar fuel economy than the non-hybridized fuel cell vehicle.
The results are intuitive in that diesel hybrids are more fuel-efficient than gasoline hybrids. But the analysis also shows that the fuel economy of a conventional diesel with a manual transmission is comparable with that of a hybrid gasoline vehicle.  Diesel is a more efficient fuel to produce (84-82%) than are gasoline (78-79%) and compressed hydrogen (5000 psi -53-52%),  Conventional gasoline vehicles have only modest efficiency (14%),  Dieselization can increase WTW efficiency by more than 20%,  Dieselization and the substitution of an automatic transmission with a manual leads to a gain of more than 30% in efficiency,  Full hybridization alone leads to an improvement of more than 40% for gasoline and 30% for diesel, and  Dieselization and hybridization lead to an improvement of more than 55%. It appears from these simulations that with current technology, although a fuel cell system is more efficient than a diesel engine, the drivetrain of a fuel cell hybrid has a lower total efficiency than does the drivetrain of a diesel engine hybrid. Because of the low specific power of the fuel cell (one-third that of the diesel engine), fuel cell hybrids tend to be heavier than ICE-powered vehicles. To meet the performance requirements of the heavier hybrid, a large motor must be used. Sizing the motor to meet performance requirements shifts its most efficient operating region to higher power levels, at which the motor does not operate during the urban driving.
The energy density plot in Figure 4 demonstrates electric motor operation in the powertrain of a fuel cell hybrid on the UDDS cycle. The areas of greatest use occur at power levels below which the motor has the greatest efficiency. Rather than operating in the 90% island, the motor is forced to operate in (1) a low-speed, high-torque region to propel the vehicle from a stop and (2) a moderate-speed, low-torque region for cruising. Therefore, the average efficiency of the motor is around 70%, which is much lower than its peak efficiency of 92%. Accordingly, the combined average efficiency of the fuel cell and the motor on a cycle in these simulations is close to the average efficiency of a diesel engine (34% compared to 36%). So, the diesel and fuel cell hybrids have roughly the same fuel-tomechanical-power conversion efficiency during stopand-go driving. Figure 5 shows the dominant route of energy, from the fuel converter to the wheels, for the diesel hybrid and fuel cell hybrid configurations. For simplicity, the energy path from the battery to the wheels is not shown in this figure. Clearly, based on current technology and under urban stop-and-go driving conditions, a diesel engine hybrid has the potential to have a drivetrain efficiency comparable with that of a fuel cell hybrid. 
IMPROVEMENTS BASED ON NEAR-TERM TECHNOLOGIES
This section evaluates the impact of technology improvements made by 2010 on the drivetrain comparisons. Figure 6 displays the SOC-unadjusted fuel economy for the combined cycle, for both 2004 and 2010 technologies, as well as the error range for the low-and high-optimistic scenarios. In terms of percentages, note that the drivetrains with engines will benefit more from the development of new technologies than those with fuel cells, although the absolute values of improvements for fuel-cell-powered vehicles put them at or above any of the other powertrain combinations. One explanation is that fuel cell development will focus mainly on increasing the power density while maintaining maximum system efficiency. In contrast, internal combustion engines (ICEs) will benefit from increases in both power density and efficiency.
Moreover, as the cost of Li-ion batteries is expected to decrease, their use in production vehicles will begin. Because Li-ion batteries have a significantly higher power density than NiMH batteries, the efficiency of vehicles with a high degree of hybridization will improve as Li-ion batteries are adopted. Thus, in terms of fuel economy, the attractiveness of producing such vehicles will increase. This is especially true in the case of fuel cell hybrid vehicles, for which fuel economy now improves as the degree of hybridization increases, rather than decreases, when NiMH batteries are used (cf. Figure 2) . Because batteries are expected to be less expensive than fuel cells, a greater degree of hybridization will also help reduce the cost of fuel cell vehicles and yet maintain their fuel economy. A fuel cell vehicle with a high level of hybridization will also better address cold-start issues. Figure 7 compares the WTW efficiencies for current and near-future technologies. Note that drivetrains using diesel engines achieve smaller WTW improvements than their corresponding PTW improvements. This phenomenon is explained by a decrease in fuel production efficiency (82.4% vs. 84.4% for diesel) as a result of stringent regulations requiring low-sulfur diesel. GHG emissions are an important consideration from a tailpipe emission perspective for most countries. The term "clean vehicle," such as a fuel cell vehicle, does not mean that there are no emissions from a WTW perspective. The following results are based on the assumption that the hydrogen pathway is North American natural gas. Assuming a different pathway would radically alter this result. For instance, hydrogen fuel cell vehicles are estimated to offer less than 50 g/mi in WTW GHG emissions if hydrogen is produced with nuclear energy [12] , which would undeniably be less polluting than diesel hybrids. Thus, this result shows the importance of understanding the energy use and GHG emissions of various upstream paths. In the long term, to provide significant GHG benefits, hydrogen fuel pathways would have to converge upon a renewable energy solution. Figure 8 illustrates the GHG emissions for both current and near-term technologies. Note that conventional diesels are competitive with gasoline hybrid configurations. The diesel full hybrid consistently has the lowest GHG emissions of any configuration, while the fuel cell configurations, because of the choice of the upstream pathway, tend to yield emissions of the same order as that of a gasoline full hybrid. Although the performance of the hydrogen engine hybrid is lower than the diesel or the fuel cell hybrids, this technology has other merits that were not accounted for in these simulation runs. The hydrogen engine hybrid has the ability to be a bridging technology to a hydrogen infrastructure. Having been around for 100 years, the engine is a mature technology and considerably more affordable than other hydrogen-consuming fuel converters and does not have the cold-start and driveability issues associated with fuel cells. Furthermore, engine technology continues to advance, and hydrogen engines will benefit from these future advances, in addition to benefiting from the cumulative experience of 100 years of engine development. These factors support the introduction of hydrogen engine technology in future vehicle fleets.
Likewise, the absence of tailpipe emissions is also an advantage for fuel cell vehicles, engendering support for their eventual widespread adoption into vehicle fleets.
SUMMARY OF SIMULATION RESULTS
Current and near-term technologies based on FreedomCAR goals have been compared and their potential from a total cycle perspective have been evaluated by using PSAT and GREET.
Until fuel cell power density and cost improve, the best option for reducing GHGs remains diesel hybrids. Moreover, a conventional diesel achieves results similar to those of a gasoline hybrid.
The FreedomCAR goals favor the emergence of fuel cell configurations. Indeed, even if current fuel cell and ICE hybrids achieve similar fuel economy, a fuel cell vehicle's fuel economy is expected to surpass that of the ICE hybrid configurations, thanks to an increase in fuel cell power density.
Through-the-road configurations, two-speed transmissions, or dual motors should be considered to lower the maximum power requirement of the fuel cell vehicle electric motors, allowing increased motor operating efficiency at low vehicle speeds.
Although GHGs from hydrogen ICE hybrids are no better than those from conventional diesels, hydrogen ICE hybrids offer a near-term solution to accelerate the development of a hydrogen infrastructure.
The choice for a fuel pathway for hydrogen is critical. In the near future (2010), hydrogen is expected to be produced from North American natural gas. However, to compete with diesel hybrids, a cost-effective renewable energy pathway for hydrogen production needs to be considered for long-term applications. 
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